with the maximum antimicrobial activity found at the spacer length of 6 CH2 groups for bacteria and 8 CH2 groups for fungi. This is related to a different composition of cell membrane of the used microorganisms.
Introduction
Urea affects the physical and aggregation properties of proteins and surfactants in a broad way. It controls folding and unfolding of proteins [1, 2] , enhances solubility of hydrocarbons in water and inhibits aggregation of surfactants. Especially, the area of interactions between urea and surfactant molecules attract a significant research interest.
The urea headgroup interactions within the surfactant molecule structure control some of the physical properties of urea-based surfactants (melting point, solubility) [3] . Urea inhibits aggregation of surfactant molecules, as documented by the critical micelle concentration (cmc) increase, micelle hydrodynamic size and aggregation number decrease of dioctylsuccinate [4] , sodium dodecyl sulfate, cetylpyridinium bromide and cetyltrimethylammonium bromide micelles [5] [6] [7] . The addition of urea slightly decreases the micropolarity and strongly increases the microviscosity of the micellar interface of sodium dodecylbenzenesulfonate micelles indicating a possible replacement of some water molecules by urea [8] . Urea also affects the micellar structure of double chain gemini surfactants. A complex effect of urea on gemini surfactant micelles was found for gemini surfactants with 2 methylene groups in the spacer and dodecyl, tetradecyl a hexadecyl chains. While inhibiting the aggregation properties of gemini surfactants with 2 methylene groups in the spacer and dodecyl chains (cmc increase, micellar size decrease), the presence of urea favours the aggregation of gemini surfactants with longer alkyl chains [9] .
Urea significantly affects the aggregation properties and microstructure of nonionic micelles consisted of triblock copolymers [10] or sugar-based surfactants (glucopyranosides and maltopyranosides) [11] . The increased aggregation behaviour (vesicles formation, organogelators) was confirmed for fluorinated amphiphilic urea derivatives [12, 13] . Single chain and double chain urea-based anionic surfactants (-alanine derivatives) [14] and anionic gemini surfactants derived from cysteine [15] showed better tendency to adsorb at the air/water interface than to form micelles. Urea-based gemini surfactants with octyl chains displayed cmc values comparable to other carboxylate surfactants of higher hydrocarbon chain length (decyl and dodecyl chains) [15] which is attributed to the hydrogen bonding ability of urea group [16] . Increase of micelle ionization degree and decrease in anion selectivity of cetyltrimethylammonium bromide and cetyltrimethylammonium chloride micelles in presence of urea indicates a preferential headgroup solvation by urea squeezing the counterions out of the Stern layer [17] . Double chain gemini surfactants continue to attract the scientific interest due to their outstanding aggregation properties which are superior to those of conventional single chain surfactants. Their unusual physical and aggregation properties make them suitable for a broad range of applications. cmc of gemini surfactants being 10 to 100-times smaller than that of conventional single-chain surfactants, results in much less skin irritation which allows to use them as skin permeation enhancers [18] . A smaller value of their cmc also enables them to be efficient solubilisers of low soluble drugs [19] , dyes [20, 21] , hydrocarbons such as n-hexane and toluene [22] . Gemini surfactants can also serve as structural units in the formulation of cationic liposomes [23] . As for industrial applications, gemini surfactants show inhibitive effect on iron corrosion [24] , act as efficient agents in oil recovery [25] , styrene polymerisation [26, 27] , dying of textiles [28, 29] . They appeared to be good stabilisers of polymer latex particles [30] , separation agents in capillary chromatography [31] , gelators of organic solvents [32] , and reactants in the synthesis of silica mesophases [33] . A positive environmental impact of gemini surfactants is, apart from their low quantities used for a given application, to relate to the presence of biodegradable groups in their molecular structure such as carbon-carbon double bond [34] or carbonate linkages [35] .
Cationic bisammonium gemini surfactants with polymethylene spacer -alkanediyl--bis(alkyldimethylammonium) dibromides and their derivatives with various functional groups in the spacer have been broadly studied in the literature. Their physical and aggregation characteristics such as critical micelle concentration and surface properties [36] [37] [38] [39] [40] [41] , micelle aggregation number and size [42] [43] [44] , antimicrobial activity [45] , aggregate structure variability in aqueous solutions as a function of the spacer length [46] , indicate unique properties and aggregation behaviour of this class of surfactants which predetermines them to be used in a broad range of applications.
Within this work, we provide a complete view of a series of novel urea-based gemini surfactants from the viewpoint of synthesis, physico-chemical and aggregation properties (tensiometry, dynamic light scattering, time-resolved fluorescence quenching, neutron scattering and zeta potential measurements) of aggregates of these surfactants as well as report some of their biological activities.
Experimental

Synthesis of urea-based gemini surfactants
tetramethylalkane--diammoniumdibromides with urea fragments in the alkyl chains were synthesized with a polymethylene spacer length s ranging from 2 to 10 CH2 groups.
Urea-based surfactants are referred as u2 (s = 2), u4 (s = 4), u6 (s = 6), u8 (s = 8), and u10 (s = 10). Their molecular composition is shown in Fig 1 . 
Preparation of 1-[2-(dimethylamino) ethyl]-3-undecylurea
The 1-isocyanatoundecane was prepared according to [47] and was freshly distilled before use (b. p. 143°C at 3.2kPa, [47] gives b. p. at 103°C at 0.4 kPa). The 1-[2-(dimethylamino)ethyl]-3-undecylurea was prepared using a similar procedure as was used for the 1-cyclohexyl-3-[2-(dimethylamino)ethyl] urea [48] as follows. Into the ice-cooled stirred solution of 1-isocyanotoundecane (10 g, 35 mmol) in 25 mL of dry acetonitrile, 2.1 g (24 mmol) of 2-(N, N-dimethyl)ethane-1,2-diamine were added dropwise during 15 minutes. After the whole portion of the amine had been added, the solution was stirred for one hour and the temperature was maintained between -5 and 0°C. The crude residue was filtered and washed with anhydrous diethyl ether. The crude product was dried in vacuum and was used in the next step without further purification. The NMR and spectroscopic data are shown in the Supplementary material.
Preparation of gemini surfactants
u2 to u10 were obtained via SN2 Menshutkin reaction as follows: 1 eq. of 1-[2-
(dimethylamino)ethyl]-3-undecylurea was suspended in 20 ml of anhydrous acetonitrile and 0.51 eq. of corresponding α, ω-dibromoalkane was added and the mixture was refluxed for 24 hours in anhydrous conditions. After cooling the mixtures to the room temperature, the solvent was evaporated in vacuum and the crude residue was crystallized from anhydrous acetone. The final products were obtained as white hygroscopic powders which were dried in vacuum desiccator using P4O10. The NMR, spectroscopic and elemental analysis data are shown in the Supplementary material.
All the chemicals and solvents used were obtained from Fluka and were used without further purification. Anhydrous solvents, if used, were prepared using the standard laboratory procedures. The IR spectra were recorded on Nicolet FT IR 6700 spectrophotometer, the 1 H and 13 C NMR spectra were recorded on the Varian Mercury
Plus spectrometer operating at a proton 1 H NMR frequency of 300 MHz and at a carbon The elemental analyses were performed using a CHNOS elemental analyser (Thermo Scientific). The melting points were determined using a Kofler micro hot stage. The measured values are reported uncorrected. and T = 298.15 K. The value of the prefactor i = 3 which applies to ionic gemini surfactants, was used in the equation (1) . The value i=3 is applied for the premicellar region of gemini surfactant concentrations where the gemini surfactant is completely ionized in the solution from which adsorption occurs [50] . The area per surfactant molecule A in nm 2 was calculated from the surface excess  as follows [29] A 21 N 10 A   (2) where NA is the Avogadro's number.
Surface tension
Dynamic light scattering
A Brookhaven light scattering system BI 9000, goniometer SM200 and an argon laser (the applied wavelength 514.5 nm) were used for the dynamic light scattering measurements. The scattered intensity was registered at 90° and at the temperature of 25°C. Surfactant solutions for the light scattering measurements were prepared using deionized water and filtered for mechanical impurities through syringe filters with 0.45 m pore size. For each surfactant u(s) and each concentration c/cmc, 5 independent measurements of the autocorrelation function were recorded. u(s) micelle diameters were obtained from the particle size distributions which resulted from the application of the constrained regularized algorithm CONTIN [51] on the autocorrelation function.
Zeta potential
Zeta potential measurements were performed with the Brookhaven BI ZetaPlus equipment which is based on the measurement of the electrophoretic mobility utilizing the Doppler frequency shift. Zeta potential values were calculated from the measured mobility using the Smoluchowski limit for the mobility vs. zeta potential relationship. The mean value was calculated from a statistical set of 10 zeta potential recordings per each surfactant concentration. The measurements were taken at 25°C.
Time-resolved fluorescence quenching
The fluorescence decay curves were recorded using a lifetime fluorescence spectrometer LifeSpec II (Edinburgh Instruments). The spectrometer was operating at a 381 nm emission wavelength and the decay curves were fitted to eq. (3) [52] 
using a nonlinear weighted least squares procedure (the Edinburgh Instruments FAST software package with the micellar quenching analysis software module). I(t) and I(0) are the fluorescence intensities at time t and zero time, respectively. 0, Q, R are nonlinear fitting parameters where kQ = 1/Q is the rate constant for fluorescence agent quenched by a quencher in a micellar solution. The micelle aggregation N number is related to the fitting constant R and the concentration of surfactant and quencher as follows [52] 
Small angle neutron scattering
SANS measurements were performed on the Yellow Submarine instrument installed at the cold neutron beamline of the 10MW steady-state reactor of the Budapest Neutron Centre (BNC), Hungary. The monochromatic beam with a mean wavelength of 0.43 nm and 30% FWHM was produced by a multidisc mechanical velocity selector. Gas filled multiwire detector of 64*64 cm 2 sensitive area was placed at the distances of 1.3 and 5.5 m from the sample, to cover the q-interval of 0.12-3.8 nm -1 . The measurements were performed at 25°C. The sample solutions were filled in optical quartz glass cells with 5 mm path length. After the raw data treatment by standard procedures, the scattering curves have been analysed by a conventional model of charged micelles. For a dilute dispersion of identical objects in a homogeneous medium, e.g. colloidal or micellar solutions, the scattering intensity can be expressed as a product of the form factor of the particles, and the structure factor which describes the spatial arrangement of the particles.
I(q) = A P(q) S(q) + bg (5) P(q), the micelle form factor was taken as an ellipsoid of rotation. A possible size polydispersity has not been included, as it would strongly correlate with the ellipsoid axis ratio. The structure factor S(q), was modelled by the rescaled mean spherical approximation for dilute charged colloidal dispersions, in which the micelles consist of partly ionized surfactant molecules and interact via screened Coulomb forces [53] . The background term "bg" accounts for the incoherent scattering which is angle-independent in the studied q-range and arises mostly from the scattering of hydrogen and deuterium atoms present in the samples. Finally, the theoretical equation is convoluted with the instrumental resolution function which was calculated for pinhole scattering geometry and finite wavelength resolution [54] . The least squares fitting was performed by SasView 3.0 software.
Determination of antimicrobial activity
The antimicrobial activity of u(s) was evaluated in vitro as the minimum bactericidal concentration (MBC). It was determined using the standard broth dilution method [55] . Their MBC values were determined and the method of testing applied within this experimental work is described in the papers [55, 56] .
Results and discussion
Determination of cmc and interfacial area
In Fig. 1 and 2 , dependences of surface tension vs. log surfactant concentration are shown. The cmc values were calculated as the intersection of the regression lines in the premicellar and micellar regions and are plotted in Fig. 3 . As follows from Fig. 3 , the cmc dependence on the spacer length s is nonlinear with a maximum at the spacer length s = 6. A similar trend in the cmc dependence on the spacer length was found for gemini surfactants with dodecyl chains and polymethylene spacer, alkanediyl--bis(dimethyldodecylammonium bromides) referred to as 12-s-12 [39] . The existence of the cmc maximum is attributed to the conformational changes of the spacer.
The preferential cis conformation of alkyl chains is assumed for gemini molecules with the short spacer values (s = 2 to 6) which may result in some contacts between the two alkyl chains which results in slight increase of the Gibbs energy and cmc. Above s =6, the slight cmc decrease corresponds to the reported decrease of cmc for single-chain surfactants C12H25(Cs/2,/Hs+1)N + (CH3)2Br -which have a side chain length equal to that of gemini molecules spacer. The cmc decrease was found for the side chain length s/2 > 3 which corresponds to the spacer length of gemini surfactants above 6 CH2 groups [57] . As results from (Fig 4) . This may indicate the role of structure and geometry of the head part of a gemini molecule (two ammonium heads and the spacer) which predominantly affects its interfacial area value. Generally, the monotonous increase of area per surfactant molecule for gemini molecules with the increasing polymethylene spacer length in the region of s values ranging from 2 to 10-12 is attributed to the rigidity of a polymethylene spacer of medium length [40] which results in the increased separation of polar parts in a gemini molecule.
According to [46] , there are two characteristic distances in a gemini micelle. A structural distance ds which corresponds to the extended length of the spacer and is equal to ds = 0.1265(s + 1) in nanometres [58] given that one-half the bond length is assumed at both ends of the spacer. The second distance is a thermodynamic equilibrium distance dT characterizing the displacement of surfactant molecules at the interface which is about 0.7 -0.9 nm [46] . In the previous study [41] we have found that the interfacial area of gemini molecule with a short spacer (12-2-12) may be related only to its steric arrangement and is independent of hydrophobic interactions at the interface. As a consequence, the interfacial area value for gemini molecules with s= 2 is determined only by the structural distance ds.
The role of the spacer steric arrangement as a crucial factor controlling the interfacial area value in case of short spacers, corresponds to the found values of interfacial area for u2, u4
and 12-2-12, 12-4-12, respectively, which overlap and show no significant difference between each other (Fig. 4) . As shown in Fig. 3 , the interfacial values start to differ from each other at the medium spacer lengths 6 and 8 CH2 groups. At s = 6, 8 the interfacial area values for gemini molecules with urea groups in the alkyl chains are smaller than those of 12-6-12 and 12-8-12 gemini surfactants (Fig. 3) . For the medium spacer lengths of gemini surfactants, ds approaches dT [46] which indicates an increasing influence of the thermodynamic equilibrium distance dT on the arrangement of gemini molecules at the interface. At the medium spacer lengths (s = 6, 8), the arrangement of molecules and the interfacial area are controlled not only by the structural distance ds which is exclusively a function of the spacer length but also by dT which includes a contribution from the intermolecular interactions (interactions between polar head groups and hydrophobic interactions between alkyl chains). It may be assumed that the slight decrease in the interfacial area values of gemini molecules u6 and u8 compared to those of 12-6-12 and 12-8-12 (Fig. 4) , is attributed to the presence of urea groups in the alkyl tails. A hydrogen bonding is present between two urea groups with the hydrogen bonding distance 0.218 nm, as results from quantum mechanical calculations [16] . The effect of the intermolecular hydrogen bonding in urea-based gemini surfactants u(s) may be more pronounced at the medium spacer lengths when the rigid spacer is long enough to allow intermolecular hydrophobic interactions between alkyl chains of neighbouring gemini molecules including the mutual approach of neighbouring NH-C=O-NH groups to the distance stated above which is necessary for the formation of hydrogen bond. The contribution of hydrogen bonding interactions within hydrophobic interactions of alkyl chains may be responsible for the slight interfacial area decrease of u6 and u8, as it is shown in the schematic representation of gemini molecules arrangement at the air/water interface ( Fig.5) with the indication of the intermolecular hydrogen bonding between neighbouring urea groups. As an example shown in Fig 5, the dotted lines represent a symmetrical triatomic hydrogen bonding between the oxygen of carbonyl group and both hydrogens of the neighbouring molecule amino groups. For gemini surfactants with a longer spacer (s = 10), the interfacial area values of u10 and 12-10-12 overlap again. This indicates that another factor controlling the interfacial area value sets on. From s=10, the increasing spacer flexibility starts to predominate among the interactions influencing the interfacial area value of gemini molecule. At s ≥10, the spacer becomes too hydrophobic to remain in contact with hydrophilic phase and moves to the air side of the interface adopting a bent conformation [40] . The effect of a flexible spacer tends to move the head groups closer to each other. This factor may be dominant as compared to other influences (hydrophobic interaction of alkyl tails, hydrogen bonding between urea groups) which results in almost identical values of area per surfactant molecule for gemini surfactants with longer spacer such as u10 and 12-10-12 (Fig. 3) .
Hydrodynamic size of micelles
In The dependence of hydrodynamic diameter on c/cmc is linear and almost does not change with the surfactant concentration (Figs. 6 and 7). A substantially larger particle size with the values above 20 nm was found for u2 (Fig. 6 ). This indicates a stronger aggregation tendency of u2 molecules which corresponds to the area per surfactant molecule values (Fig. 4) where the role of the spacer steric arrangement turned out to be a main factor controlling the micellar morphology. A significant increase in surfactant prolate major axis for 10-2-10 and 10-3-10 (gemini surfactants with decyl chains) was found with the increasing surfactant weight percentage, as results from small-angle neutron scattering measurements [42] . This size increase is no more observable for longer spacers s = 4 to 12 [42, 43] . Similarly, no significant increase in size was observed for micelles composed of gemini molecules with dodecyl chains 12-s-12 and the spacer values s = 4, 6, 8, 10, 12 [59] . As results from the dependence of the hydrodynamic micelle diameter on the spacer number at the constant gemini surfactant concentration 10 x cmc (Fig. 8) , an approximately constant micelle size was found for u(s) micelles with the medium spacer length (u4 to u10), which corresponds to the data from the references stated above. A weak minimum in the micelle diameter vs. spacer number dependence was found for u6 micelles, however, not statistically significant. The small diameter values for u4 to u10 micelles being in the range 2-4 nm indicate a region of the formation of stable spherical micelles. For u2 gemini surfactant, larger aggregates with the size between 27 -30 nm are observed (Fig. 8) . 
Zeta potential of micelles
Concentration dependences of zeta potential for micelles of u(s) gemini surfactants are shown in Fig. 9 for all spacer lengths. For u2, u4 and u6 micelles, the dependences show a moderate zeta potential increase at the low surfactant concentration. 
Micelle aggregation number
The dependence of micelle aggregation number N on surfactant concentration c/cmc is plotted in Fig. 11 for all spacer length values of u(s) gemini surfactants. As follows from the plot, the aggregation number of gemini surfactants does not change much with surfactant concentration for all spacer lengths within the investigated concentration range except for s = 2. u2 micelles show an increased aggregation behaviour which results in the micellar growth. This finding corresponds with the low interfacial area for u2 gemini molecules (Fig. 4) which is also an indication of the increased aggregation tendency of u2. The plot of the slopes in the N vs. c/cmc dependence shows a significant difference between u2 micelles and micelles of gemini molecules with other spacer values (Fig. 12) . The slope value for u2 micelles lies between 2 and 3 whereas the slope values for other spacer lengths are scattered around zero. A similar difference in the slopes of concentration dependences of micelle aggregation number was observed for the gemini surfactant with the short methylene spacer 12-3-12 on the one hand and for micelles composed of gemini molecules with longer spacer values s > 4 on the other [28] . The corresponding single chain quaternary ammonium surfactant DTAB shows only a very small increase in N [38] with the increasing concentration. Therefore, the tendency to micellar growth is primarily determined by the structural arrangement of gemini molecules with the short spacer (s= 2, (Fig. 13) . (Fig. 6, 7 ) and the micelles are assumed to remain spherical or spheroidal.
Physical characteristics of u(s) micelles obtained by the techniques mentioned above are shown in Table 1 . 
Small angle neutron scattering
Micelles of three urea-based gemini surfactants with a short (u2) medium (u6) and long (u10) spacer were examined by small-angle neutron scattering technique. The scattering data for the three selected surfactants at the three concentrations well above cmc are shown in Fig 14. All scattering curves show the characteristic micelle interference peak, which is a consequence of a strong electrostatic repulsion between the charged micelles. The u2 solutions, in addition, show a strong increase towards small angles, which can be attributed to aggregates of a small non-dissolved fraction of the surfactant molecules. In the fitting procedure, this extra scattering had been taken into account as an additional background caused by large aggregates. and neutron scattering (SANS) methods is provided in Fig. 15 . is the most preferable explanation of the antimicrobial activity mechanism at the molecular level [63] . The positively charged headgroups of cationic surface-active molecules interact with a negatively charged bacterial cell membrane. As a result, a membrane disruption occurs with the aid of electrostatic and hydrophobic interactions followed by a release of cytoplasmic constituents and subsequent cell death. The data shown in Fig. 16 indicate a maximum in the dependence of antimicrobial activity on surfactant spacer number s. This maximum was found at the spacer number s = 6 (u6) and is identical for both grampositive (Staphylococcus aureus) and gram-negative (Escherichia coli) bacteria. A similar increase in antimicrobial activity was observed for amido-amine-based cationic gemini surfactants when the gemini molecule spacer length was increased from 3 CH2 groups to 6 CH2 groups [64] . The maximum in antimicrobial activity for fungi (Candida albicans) seems to be reached at a higher spacer length of 10 CH2 groups (antimicrobial activity of gemini molecules with longer spacer than s = 10 was not investigated). This may be related to a different composition of cellular membrane of bacteria and fungi which predetermines the level of interaction of u(s) molecules with microorganisms. Two layers can be distinguished in the Candida albicans cell wall. The outer layer is highly enriched with Oand N-linked mannose polymers whereas the inner layer contains the skeletal polysaccharides chitin and β-1,3-glucan, which confer strength and cell shape [65] .
A similar cell membrane structure consisting of inner and outer membrane can be observed also for the gram-negative Escherichia coli but its structure is not so complex. The inner membrane is a symmetric lipid bilayer composed of phospholipids and integral membrane proteins. The outer membrane is an asymmetric lipid bilayer containing phospholipids in its inner leaflet and lipopolysaccharide in its outer leaflet [66] . The complex, polymer-like structure of Candida albicans cell membrane may hinder easy hydrophobic and electrostatic interaction with gemini molecules. To reach the antimicrobial efficiency of u(s) surfactants comparable with that against gram-negative Escherichia coli, a stronger hydrophobic interaction is required to overcome the complex cell wall structure of Candida albicans. This results in the requirement for a more hydrophobic gemini molecule for the interaction with Candida albicans cells. As a result, the maximum in antimicrobial efficiency is shifted towards gemini surfactants with longer spacer length of 10 CH2 groups (Fig. 16 ).
Conclusions
The present study provides an information about the synthesis and 
